Sulphated galactan (SF A ) containing alpha (α), iota (ί) and pyruvated α-carrageenans (17.6:18.8:25.3 mol %) was extracted and characterized from Sarconema filiforme of Indian waters. The SF A and its alkali modified derivative (SF AM ) were composed of D-galactose, 3, 6-anhydro-D-galactose, 6-O-methylated-D-galactose (64.5:23.0:9.8 and 59.6:29.8:7.6 mol %) respectively. The linkage analysis, physicochemical analysis, infra red and 13 C nuclear magnetic resonance spectra of SF A along with linkage analysis of the desulphated derivative (SF D ) of SF A , reveals that it was a hybrid/combination of α/ί carrageenan as well as 3-linked 4',6'-O-(1-carboxyethylidene)-galactose (pyruvated α carrageenan) and 6-O-methylated α-carrageenan. The flow behavior of SF A obtained from rheological measurements suggested strong network formation in presence of 1% aqueous KCl and CaCl 2 solutions.
Sulphated galactans are the major matrix-phase polysaccharides of the red seaweeds, mainly composed of repeating dimeric unit (1→3)-linked-β-galactopyranose (Galp) and (1→4)-linked 3,6 anhydro-α-Galp [1] . These galactans may also bear pyruvate acetal substitutions as well as glycosyl substitutions, most commonly known as single xylopyranosyl (Xylp) or mono-O-methyl galactopyranosyl (Me-Galp) residues branching from the main galactan chain [2] [3] [4] [5] . The red marine alga Sarconema filiforme (Sonder) Kylin, Gigartinales, Phylum Rhodophyta, occurs naturally at Indian coasts in a sporadic distribution [6] . Carrageenans extracted from Sarconema filiforme have been reported earlier [7] [8] [9] . ι-Carrageenan has been reported from Sarconema filiforme collected from Tanzanian as well as from Indian waters [7, 8] , while hybrid of α/ι carrageenans and pyruvated α carrageenan have been reported from the Australian waters [9] . Recently hybrid carrageenans have attracted attention of the researchers world over because of its potential in industrial applications especially in the food and personal care industries [10] [11] [12] [13] . The aim of this study is detailed characterization of the sulphated galactan of Sarconema filiforme of Indian waters and comparison of the data with those of the same seaweed species reported many years ago giving only IR data [8] .
The yields of the SF A , SF AM and SF D were 31.0, 23.1 and 14.0% with respect to as received dry seaweed respectively (Table 1) . Total sugar, protein, sulphate and pyruvate contents as well as weight average molecular weights of SF A , SF AM and SF D have been given in Table 1 . The sulphate content (SO 4 2-) in SF A was 25.1 % w/w, as opposed those reported earlier from the same seaweed species from Indian, Tanzanian and Australian waters describing 21.3%, 18.3% and 25.0% w/w sulphate respectively [7] [8] [9] . The weight average molecular weight of SF D was comparatively lower than that of SF A which is due to the removal of sulphate ester resulting in delayed elution during in gel permeation chromatography [14] ( Table 1) . Further the flow behavior of SF A exhibited reduction of shear viscosity with shear rate in the following order, control < KCl < CaCl 2 < KCl & CaCl 2 (1:1) indicating existence of a stronger gel network formed due to the cross linking with salts. This validated the apparent viscosity values ( Table 1 and Figure 1 ). It further validates the fact that the polysaccharide contained ι-carrageenan, showing greater increase in viscosity in presence of Ca +2 ions compared to K + ions. High viscosity of SF A in presence of salts makes it potentially useful for various applications.
The GC-MS profile of alditol acetates revealed that SF A , SF AM and SF D samples were composed of galactose (Gal), 3,6-Anhydro galactose (AnGal), 6-O-methylated galactose Table 2 ). The ratio of AnGal:Gal (which is assumed to be 1:1 for ideal carrageenan) was considerably less, which may be due to the incomplete recovery of AnGal by reductive hydrolysis of α, ι-carrageenan having sulfate ester substitution at O-2 of the AnGal residues [4, 15] . The absolute configurations of galactoses in SF A and SF AM were determined to be of D-configuration by GC-MS of their (R)(-)2-butyl glycoside acetate derivatives suggesting the carrageenan type galactans [16, 17] . Table 3 ). The presence of 3,4,6-linked Gal was due to 3-linked Gal having pyruvate acetal linked between C-4 and C-6 of α-carrageenan [9] . Higher mol % of 3,4,6-linked Gal indicated that the polysaccharide was highly pyruvated (Table 3) .
To determine α, ι and pyruvated carrageenan contents and the position of sulphate ester, linkage analysis of SF A and SF AM were done. In linkage analysis of SF A /SF AM, 3-, 3,4and 3,4,6-linked Gal were obtained in a mol % of 17.6: 18.8: 25.3 for SF A and 15.5: 14.6: 22.8 mol% for SF AM along with a common 2,4-linked 3,6 AnGal (27.1 for SF A and 32.1 mol% for SF AM ) residues, which were attributed to α, ι and pyruvated α carrageenans respectively. The 4,6linked Gal residue in SF D and SF A /SF AM were obtained in comparable mole % values indicating thereby that these did not bear sulphate ester at C-6 ( Table 3 ). Since only 2,4linked 3,6-AnGal was present in SF A /SF AM , it is obvious that all the 3,6-AnGal were sulphated at C-2 ( Table 3 ). The proportions of α-and ι-carrageenan were almost similar while that of pyruvated α carrageenan was higher (cf. Table 3 ). It may be noted that significant amount of 4,6linked Gal was present in linkage analysis of SF D , SF A and SF AM in mol% of 8.6, 9.1 and 8.2 respectively (cf. Tables 3). This may be ascribed either to (i) the terminal galactose units bearing pyruvated acetal group involving C-4 and C-6 ( Table 3 ), or to (ii) 4-and 6-linked galactose units not having pyruvated acetal moiety. Besides this, other variously linked minor (<2 mole %) Gal units emerged from the linkage analysis of SF A /SF AM which were 2,3,6-, 2,3,4-, and 2,3-linked Gal residues. The mass fragmentation pattern of variously linked units of SF A and SF D are depicted in ESI ( Figure S1 ).
The appearance of the strong IR band in both SF A and SF AM at 1255 cm -1 indicated the presence of sulphated ester (ESI Figure S2) , the bands at 931, 803, 846 cm -1 confirmed the presence of 3,6-AnGal, axial sulphate ester at O-2 of 4-linked 3,6 AnGal and sulphate ester at O-4 of 3-linked Gal residue, respectively [18] [19] [20] . Other [18] [19] [20] [21] . The presence of 3-linked Gal residues bearing pyruvate acetal substitution was confirmed by the band at 897 cm -1 [5] . The band at 846 cm -1 was weaker than that at 803 cm -1 suggesting that SF A /SF AM were not composed of only ιcarrageenan. Therefore, the presence of IR bands at 931, 897, 846 and 803 cm -1 confirmed that SF A /SF AM were hybrid of α and ί carrageenans having pyruvated acetal substitution [5, [18] [19] [20] [21] . The absence of IR bands in SF D at 1255, 803 and 846 cm -1 confirmed complete desulphation of SF A (ESI Figure S2 ). Other characteristic bands at 1637, 1156, 1079, 1024, 900 and 931 cm -1 indicated that no degradation of other components took place during desulphation.
The 1 H NMR spectrum of SF A showed the anomeric proton signals (ESI Figure S3 ) in the range of 4.49-4.59 ppm (assigned to 1 H of β-D-Gal residue of , and pyruvated  carrageenans respectively), 5.39 ppm ( 1 H of α-D-AnGal residue of ι carrageenan), 5.15 ppm ( 1 H of α-D-AnGal residue of α carrageenan) [22] [23] [24] . The signal at 3.31 ppm was assigned to the methyl proton of 6-O-methyl Gal [25] [26] , and the one at 1.33 ppm to methyl hydrogen of pyruvated alpha carrageenan [22] . The proton resonances in the range of 3.32-4.81 ppm were attributed to the remaining methylene and methine hydrogens of the carrageenan units. The 13 C NMR chemical shifts of SF A (Figure 2 (Figure 2 ). The carbon resonance at 59.7 ppm was attributed to the methylated C-6 of 3-linked galactose [26] [27] [28] [29] [30] . Additional 13 C NMR resonances at 176.6, 101.0 & 26.3 ppm indicated the presence of carboxyl, acetal and methyl carbons of the pyruvate unit [32, 33] .
The presence of pyruvate groups in the many red seaweeds species (belonging to Gigartinales and Halymeniales etc.) have been reported in the literature [15, 32, 33] . Three weak signals at 67.7, 67.4 and 66.2 ppm were assigned to C-4, C-5 and C-6 of the 3-linked pyruvated galactose unit [29] . Figure S4) [34] . The COSY spectrum was also recorded, which showed 15 H/H cross peaks. The latter could not be assigned because of the complex nature of the proton NMR spectrum (ESI Figure S5 ).
On the basis of 13 C-NMR spectrum, linkage analysis and rheological data, it is proposed that the sulphated galactan of Sarconema filiforme of Indian waters is a hybrid/combination polysaccharide composed of α, pyruvated α and methylated α and ί carrageenans. The carrageenan contents and the relative proportions of their constituent monosaccharides e.g. α, ί, pyruvated α, 6-O-Me Gal and galactose were different from those of Sarconema filiforme of Australian waters. This work updates the earlier report of carrageenan of this seaweed species of Indian waters as ί carrageenan only on the basis of IR studies [8] . The results of this study would be useful in bioprospecting of carrageenophytes.
Experimental

Materials:
Sarconema filiforme (Gigartinales, Rhodophyta), was collected from Okha (22.28 o N, 69.04 o E), Gujarat, West coast of India. The seaweed thalli were washed with sea water to remove impurities and it was air dried. The voucher specimen (AL-II-126-09) was deposited with the herbarium of the CSMCRI, Bhavnagar. Extraction of sulphated polysaccharide: Dried seaweed (50 g) was soaked in demineralized (DM) water for 1h followed by extraction with 0.05 M NaHCO 3 (1:30 w/v) at 110 o C for 2h in an autoclave [35] . The cooked seaweed was then homogenized, centrifuged and sulphated polysaccharide (SF A ) was isolated by precipitation of supernatant with isopropyl alcohol (1:2 v/v). Only the hot water soluble sulphated galactan was extracted and alkali modified to get SF AM [36] .
Chemical analysis: Total carbohydrate content was determined by the method described by [37] . Protein content was calculated from percentage nitrogen (%N) determined by Kjeldahl method on a KEL PLUS-KES 201 Digestion unit attached to a KEL PLUS-CLASSIC DX Distillation unit (M/s PELICAN Equipments, Chennai, India) using the factor 6.25 [38] . Sulphate contents were estimated on a Perkin-Elmer inductively coupled plasmaemission spectrophotometer (ICP)-OES Optima 2000DV machine following the method as described in the literature [39] . The pyruvate contents of samples were determined using the 2,4-dinitrophenylhydrazine method as described [40] . All analyses were done in triplicate and the mean value was considered.
Desulphation of SF A :
Solvolytic desulphation was carried out as described by Falshaw and Furneaux [36] Monosaccharide composition and configuration analysis: Monosaccharide composition of SF A , SF AM and SF D were determined quantitatively as their peracetylated alditols obtained by reductive hydrolysis followed by acetylation as described by Stevenson and Furneaux [15] . The resulting alditol acetates were analyzed by GC-MS on a capillary column (length 25 m, thickness 0.25 µm, diameter 0.22 mm, BP 225 on a Shimadzu GCMS-QP2010 machine) using a temperature program of 160 o C (3 min hold ) to 230 o C (10 o C/min), split ratio 1:30 and a flame ionization detector (FID) [41] . For absolute configuration determination, a sample of the polysaccharide (1 mg) was treated with (R)(-)2-butanol (0.5 mL) and acetyl chloride (0.05 mL) for 3h at 100°C, dried, acetylated as already described, and analysed by GC-MS on a capillary column as given above using the same programme [16, 17] .
Methylation analysis:
Permethylation of SF A , SF AM and SF D were done as reported earlier [42] . Permethylated alditol acetates (PMAAs) were obtained by reductive hydrolysis and acetylation [15] . The resulting partially methylated alditol acetates (PMAA) were analyzed by GC-MS on a capillary column as mentioned above. The identifications of PMAAs were done on the basis of retention time and mass fragmentation patterns [43] .
Molecular weight: Molecular weights of SF A , SF AM and SF D were determined by high-performance gel-permeation chromatography (HP-GPC) on a Waters HPLC (Waters, Massachusetts, USA) equipped with an Ultrahydrogel column, a refractive index detector (model 410). A 20 µl aliquot of 0.5% solutions were injected on to the column and 0.1% aqueous NaNO 3 was used as the mobile phase with a flow rate 0.6 mL min -1 [44] . Oven and flow cell temperatures were maintained at 45 o C for all measurements. Dextrans having different Mw's were used as standards. Apparent viscosities of SF A (1.0% w/v) in 1% salt solutions [in KCl, CaCl 2 and KCl & CaCl 2 (1:1)] were measured on a Brookfield viscometer (DV II + Pro), using SC4-18 spindle at 30 rpm at 80°C. The flow behavior of the SF A (2.5 % w/v) in water and in 1% salt solutions were studied on an Anton-Paar Physica MCR 301 rheometer, Germany, employing plate/plate geometry (50 mm diameter) at 25 o C applying 0-1000 s -1 shear rate.
FT-IR, 1 H and 13 C NMR:
FTIR spectrum of SF A , SF AM and SF D were recorded on a Perkin-Elmer Spectrum GX (FT-IR System, USA), using the KBr disk method. SF A was dissolved in D 2 O (20 mg/mL) and freeze-dried twice to replace all exchangeable protons with deuterium. The 1 H NMR (500 MH Z ) of SF A was acquired in D 2 O, after isotopic exchange at 70°C on a Bruker Avance-II 500 spectrometer. The water peak served as a reference (HOD, 4.69 ppm). 13 C-NMR spectra at 125 MHz of SF A in D 2 O (50 mg/mL) solution was recorded on a Bruker Avance-II 500 spectrometer operating at 70 o C. Chemical shifts were measured relative to internal DMSO (ca. 39.43 ppm). The numbers of acquisitions were 6000-6500. Twodimensional spectroscopy of SF A in D 2 O (50 mg/mL) solution was recorded on a Bruker Avance-II 500 spectrometer operating at 70 o C Heteronuclear single quantum coherence (HSQC) and COSY techniques were employed to determine the C/H and H/H correlations on a Bruker Avance-II 500 spectrometer using default programs [22, 34] .
